Introduction
============

Non-small cell lung cancer (NSCLC) is one of the most common types of human cancers and is characterized by rapid growth, migration, invasion and reoccurrence ([@b1-mmr-17-06-7683],[@b2-mmr-17-06-7683]). NSCLC includes adenocarcinoma, large cell carcinoma and squamous cell carcinoma, which is also the most frequent type of lung cancer that accounts for \~80% of whole lung cancer cases ([@b3-mmr-17-06-7683]--[@b5-mmr-17-06-7683]). Lung cancer is a respiratory disease that is the leading cause global cancer-associated mortalities due to poor air contamination caused by worldwide industrial pollution ([@b6-mmr-17-06-7683]). Risk assessment of lung resection for lung cancer according to pulmonary function has been systematically reviewed ([@b7-mmr-17-06-7683]). Despite the increasing number of therapeutic improvements for NSCLC proposed, the poor survival rate of patients with NSCLC was reported to be \<15% over 5 years, which has caused a number of problems in clinical practice ([@b8-mmr-17-06-7683],[@b9-mmr-17-06-7683]). Therefore, more efficient anti-NSCLC agents are required to explore alternative treatments for patients with NSCLC in preclinical and clinical trials.

Tumor apoptosis is a hallmark in the pathogenesis and treatment of patients with cancer ([@b10-mmr-17-06-7683]). Calotropin is an active compound isolated from *Asclepias curasavica* L., which exerts strong inhibitory effects on cisplatin-induced resistance in NSCLC cells ([@b11-mmr-17-06-7683]). A previous report has also revealed that Calotropin could inhibit the Wnt signaling pathway by increasing casein kinase 1a activity in colon cancer cells ([@b12-mmr-17-06-7683]). A molecular mechanism study revealed that Calotropin regulated the apoptosis of tumor cells by inducing cell cycle arrest at the G2/M phase through decreasing the expression levels of cyclins, cyclin dependent kinase (CDK)-1 and CDK2 ([@b11-mmr-17-06-7683]). In addition, cytotoxicity assays have indicated that Calotropin promoted caspase activation by downregulating the expression levels of anti-apoptotic proteins in K562 cells ([@b13-mmr-17-06-7683]). These reports suggested that Calotropin may serve an important role in improving resistance via apoptosis in NSCLC cells.

In the present study, the inhibitory effects of Calotropin on the growth and aggressiveness of NSCLC cells were investigated. The efficacy of Calotropin for NSCLC cell apoptosis was analyzed *in vitro* and *in vivo*. The CTLA-4-mediated transforming growth factor-β (TGF-β)/extracellular signal-regulated kinase (ERK) signaling pathway was also studied in NSCLC cells following treatment with Calotropin. *In vivo* experiments revealed the inhibitory effects of Calotropin for tumor growth and survival rate by promoting the apoptosis of NSCLC cells. These results were suggestive of the important role of Calotropin in decreasing the CTLA-mediated TGF-β/ERK signaling pathway and also supported the strategy of potential anti-cancer drugs that target the TGF-β/ERK signaling pathway.

Materials and methods
=====================

### Ethics statement

The present study was approved by the Ethics Committee of The Fourth People\'s Hospital of Guiyang (Guizhou, China), and was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of China ([@b14-mmr-17-06-7683]). All surgical procedures and euthanasia were performed under IV sodium pentobarbital anesthesia (35 mg/kg), and all efforts were made to minimize suffering.

### Cells culture

H358 cells were purchased from American Type Culture Collection (Manassas, VA, UA). H358 cells were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 3 mM L-glutamine, 50 µg/ml gentamicin (BioWhittakerä; Lonza Group, Ltd., Basal, Switzerland) and 1% penicillin/streptomycin. Cells were cultured at 37°C for 48 h with 5% CO~2~ until forming 90% confluence.

### Reverse transcription-quantitative polymerase chain (RT-qPCR)

Total RNA was extracted from H358 cells (1×10^7^) following treatment with Calotropin (0.50 mg/ml) for 48 h at 37°C using the RNAeasy Mini kit (Qiagen, Inc., Valencia, CA, USA). Total RNA (1 µg) was transcribed into cDNA at 37°C for 2 h using the QuantiNova Reverse Transcription kit (Qiagen, Inc.) and the quality was confirmed by electrophoresis. The cDNA (10 ng) was subjected to RT-qPCR using the SYBR Green Master Mix system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). PCR amplification was preliminary denaturation at 95°C for 60 sec, followed by 45 cycles of 95°C for 30 sec, annealing at 58°C for 30 sec, and 72°C for 30 sec in a total volume of 20 µl containing 50 ng of genomic DNA, 200 µM dNTP, 2.5 units of Taq DNA polymerase, and 200 µM of each primer. All of the forward and reverse primers were synthesized by Invitrogen ([Table I](#tI-mmr-17-06-7683){ref-type="table"}; Thermo Fisher Scientific, Inc.). Relative mRNA expression was calculated using the 2^−ΔΔCq^ method ([@b15-mmr-17-06-7683]) and the results are expressed as the n-fold way compared with the control.

### Overexpression of CTLA-4

H358 cells were cultured until 90% confluence and the media was then removed. Cells were then transfected with pedue12.4-CTLA-4 (100 pmol, Invitrogen; Thermo Fisher Scientific, Inc.) or pedue12.4-vector (control, 100 pmol, Invitrogen; Thermo Fisher Scientific, Inc.) using Lipofectamine 2000™ (Invitrogen; Thermo Fisher Scientific, Inc.). Overexpression was then assessed in H358 cells and those with stable CTLA-4-overexpression were selected for subsequent experiments using the Guided Screening system, as previously described ([@b16-mmr-17-06-7683]). After 72-h transfection, protein expression levels of ERK1/2, phosphorylated (p)-ERK and TGF-β were analyzed in the two groups of cells by western blotting following treatment with Calotropin (0.50 mg/ml) for 48 h at 37°C.

### MTT cytotoxicity assays

H358 cells were incubated with Calotropin (0.50 mg/ml) in 96-well plates for 24, 48 and 72 h at 37°C in triplicate for each condition; PBS was added instead of Calotropin as the control. At each time point, 20 µl of MTT (5 mg/ml) in PBS solution was added to each well, the plate was further incubated for 4 h at 37°C. The majority of the medium was then removed and 100 µl of dimethylsulfoxide was added into the wells to solubilize the crystals. The optical density (OD) was measured using a Bio-Rad Laboratories, Inc. ELISA reader at a wavelength of 450 nm.

### Cell invasion and migration assays

H358 cells were treated with Calotropin (0.50 mg/ml) for 24 h at 37°C and non-treated cells were used as the control. The migration and invasion of H358 cells was evaluated using a 6-well culture plate with chamber inserts (BD Biosciences, San Jose, CA, USA). For migration assays, 1×10^4^/well H358 cells were placed into the upper chamber with the non-coated membrane and DMEM medium containing 5% FBS was added into the lower chamber for 48 h at 37°C. For invasion assays, cells (1×10^4^/well) were placed in the upper chamber of BD BioCoat Matrigel Invasion Chambers (BD Biosciences) for 48 h at 37°C. Cells were fixed with 10% paraformaldehyde for 30 min at 37°C and stained with 0.5% crystal violet (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 30 min at 37°C. The migration and invasion of H358 cells was assessed by counting the number of cells in at least three randomly stained microscope fields for every membrane under a light microscope (magnification, ×40).

### Flow cytometry analysis

H358 cells were cultured until 90% confluence was reached. Apoptosis was assessed following H358 cell incubation with Calotropin (0.50 mg/ml) for 48 h at 37°C. H358 cells were trypsinized using 1% trypsin for 10 min at 37°C and collected following incubation. The cells were then washed in cold PBS, adjusted to 1×10^6^ cells/ml with PBS, labeled with an Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) kit (BD Bioscience), and analyzed with a FACScan flow cytometer (BD Bioscience). Data was analyzed using a FlowJo software (version 8.0.2; FlowJo LLC, Ashland, OR, USA).

### Western blot analysis

H358 cells were treated with Calotropin (0.50 mg/ml) for 24 h. The cells (1×10^6^) were harvested, lysed in Radioimmunoprecipitation Assay buffer and then homogenized at 4°C for 10 min. Protein concentration was measured by a BCA protein assay kit (Thermo Scientific, Pittsburgh PA, USA). Protein (10 µg) was separated on 12% SDS-PAGE assays followed by protein transfer onto PVDF membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% BSA at 4°C for 12 h and then incubated with rabbit anti-mouse ERK1/2 (1:1,000, cat. no. ab93125), fibronectin (FN; 1:1,000, cat. no. ab2413), Vimentin (VIM; 1:1,000, cat. no. ab92547), E-cadherin (Eca; 1:1,1000, cat. no. ab6528), caspase-3 (cap-3; 1:1,000, cat. no. ab13585), B-cell lymphoma 2 (Bcl-2; 1:500, cat. no. ab32124), Bcl-2-like protein 2 (Bcl-w; 1:500, cat. no. ab38629), caspase-8 (cap-8; 1:1,000, cat. no. ab25901), cyclins (1:1,000, cat. no. ab74632), CDK1 (1:1,000, cat. no. ab18), CDK2 (1:1,000, cat. no. ab32147), P53 (1:1,000, cat. no. ab1101), cytochrome c (Cyto c; 1:1,000, cat. no. ab13575), c-Jun N-terminal kinase (JNK; 1:1,000, cat. no. ab176662) and TGF-β (1:1,000, cat. no. ab31013; all Abcam, Shanghai, China) for 12 h at 4°C. The membrane was then incubated with HRP-conjugated goat anti-rabbit IgG (1:2,000; ab6721; Abcam) at 4°C for 2 h. Analysis of protein expression was then performed using a chemiluminescence detection system. The density of the bands was analyzed by Quantity one software version 4.62 (Bio-Rad Laboratories, Inc.).

### Animal study

A total of 80 specific pathogen-free female nude (6--8 weeks old, weight 30--35 g) mice were purchased from SLAC, Shanghai Laboratory Animal Center Co., Ltd. (Shanghai, China). All mice were housed at 23±1°C and relative humidity of 50±5% with a 12-h light/dark cycle. All were provided with free to access food and water. Mice were subcutaneously injected with H358 cells (1×10^8^ cells) and were divided into 2 groups (n=40/group). Treatments commenced 6 days following tumor implantation once the tumor diameter had reached 5--8 mm. Mice were then intravenously injected every day for 7 days with Calotropin (5.0 mg/kg); PBS injections served as the control. Data for short term tumor volume was recorded for a total of 25 days. The tumor volumes were calculated as previously described ([@b17-mmr-17-06-7683]). The survival rates of mice were assessed over 120 days\' observation.

### Immunohistochemistry

Tumor xenografts were excised from mice following 7 days of treatment with Calotropin or PBS, fixed using 10% formaldehyde for 30 min at 37°C, dehydrated, embedded in paraffin wax and then cut into serial sections of 4-µm thickness. The sections were de-paraffinized in xylene and then antigen retrieval was performed in tumor sections using Antigen Retrieval Buffer (100X Tris-EDTA Buffer, pH 9.0; ab93684). Tumor sections were blocked with 5% BSA (Sigma-Aldrich; Merck KGaA) and then incubated with rabbit anti-mouse cluster of differentiation (CD)-3 (1:1,000, cat. no. ab16044; Abcam) and CD8 (1:1,000, cat. no. ab22378; Abcam), cap-3 (1:1,000, cat. no. ab25901; Abcam) or cap-8 (1:1,000, cat. no. ab13585; Abcam) primary antibodies for 12 h at 4°C. Then, a horseradish peroxidase-conjugated polyclonal anti-goat IgG (1:2,000, ab150077, Abcam) was used to incubate samples for 1 h at room temperature. A Ventana Benchmark automated staining system was used for analyzing protein expression (Bio-Rad Laboratories, Inc.). Images were observed using a fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany). Images were captured on MicroChemi version 4.2 (<https://dnr-is.com>).

### Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay

TUNEL staining was performed to analyze apoptotic cells in tumor tissues using the ApopTag kit (EMD Millipore) according to the manufacturer\'s instructions. Briefly, paraffin tumor sections were treated with immunohistochemistry for BrdU (dilution 1:1,000; Sigma-Aldrich; Merck KGaA) as described previously ([@b18-mmr-17-06-7683]). Statistical quantification of TUNEL-positive tumor cells was calculated to analyze the efficacy of Calotropin for inhibition of tumor growth in three randomly select fields.

### Analysis of lymphocytes infiltration

Tumor tissue was removed, fixed in 10% formalin for 30 min at 37°C and embedded in paraffin to generate tumor sections (4 µm). Sections were stained with hematoxylin and eosin for 2 h at 37°C, and then examined under a light microscope.

### Cytotoxic T lymphocyte (CTL) assay

On day 25, tumors were excised and splenocytes were isolated from experimental mice following 7 days of calotropin treatment and used as effector cells following restimulation with concanavalin A and mixture of heat shock protein/peptides *in vitro* for 4 days at 37°C. A lactate dehydrogenase assay was used to analyze the anti-tumor-specific CTL response to H358 cells. H358 cells (target cells) were seeded in 96-well plates. Pierce™ LDH Cytotoxicity Assay Kit (cat no. 88953; Thermo Fisher Scientific, Inc.) was used to analyze CTL. The simulative splenocytes were plated in 96-well plates in triplicate with varying effector cell:target cell ratios of 5:1, 10:1 and 15:1. Following 4 h incubation at 37°C, 150 µl supernatant was obtained using centrifugation at 4,000 × g for 10 min at room temperature and then analyzed in a Well scan at OD 490 nm (Bio-Rad Laboratories, Inc.). The effect of CTL was calculated as follows: Percentage cytotoxicity (%)=100× \[(experimental release-spontaneous release)/(maximum release-spontaneous release)\].

### ELISA

The expression levels of TGF-β in calotropin-treated cells were analyzed with a Mouse TGF-beta 1 DuoSet ELISA kit (cat. no. DY1679; Bio-Rad Laboratories, Inc.), according to the manufacturer\'s instructions. The results were analyzed using an ELISA reader system (Bio-Rad Laboratories, Inc.).

### Statistical analysis

Data are presented as the mean ± standard error mean of triplicate experiments. SPSS software version 17.0 (SPSS Inc., Chicago, IL, USA) was used for all data analyses. Unpaired data was determined by a Student\'s t test and comparisons between multiple groups were assessed via one-way analysis of variance followed by Dunnett\'s test. \*P\<0.05 was considered to indicated a statistically significant difference.

Results
=======

### Analysis of the effects of Calotropin on NSCLC cell growth, migration and invasion in vitro

As shown in [Fig. 1A](#f1-mmr-17-06-7683){ref-type="fig"}, Calotropin (0.50 mg/ml) markedly suppressed H358 cell growth in a time-dependent manner compared with the control. Cell cycle experiments demonstrated that Calotropin arrested H358 cells at the G2/M phase ([Fig. 1B](#f1-mmr-17-06-7683){ref-type="fig"}). Western blot analysis revealed that Calotropin significantly decreased the expression levels of cyclins, CDK1 and CDK2 ([Fig. 1C](#f1-mmr-17-06-7683){ref-type="fig"}). The migration and invasion assays demonstrated that Calotropin markedly inhibited the aggressiveness of H358 cells ([Fig. 1D and E](#f1-mmr-17-06-7683){ref-type="fig"}). Western blotting observed that Calotropin inhibited FN and VIM, and promoted Eca protein expression levels in H358 cells *in vitro* ([Fig. 1F](#f1-mmr-17-06-7683){ref-type="fig"}). These results suggested that Calotropin may significantly inhibit NSCLC cell growth, migration and invasion *in vitro*.

### Analysis of the effects of Calotropin on NSCLC cell apoptosis in vitro

As shown in [Fig. 2A](#f2-mmr-17-06-7683){ref-type="fig"}, Calotropin significantly promoted the apoptosis of H358 cells detected by Annexin V-FITC and PI staining using flow cytometry analysis. Western blotting demonstrated that Calotropin treatment upregulated the pro-apoptosis protein expression levels of caspase-3, caspase-8 and apoptotic protease activating factor (Apaf)-1 in H358 cells ([Fig. 2B](#f2-mmr-17-06-7683){ref-type="fig"}). However, the anti-apoptosis protein expression levels of P53, Bcl-2 and Bcl-w were downregulated by Calotropin in H358 cells ([Fig. 2C](#f2-mmr-17-06-7683){ref-type="fig"}). Cyto c and JNK expression levels are associated with the apoptosis of lung tumor cells ([@b19-mmr-17-06-7683],[@b20-mmr-17-06-7683]). Therefore, the present study investigated Cyto c and JNK expression levels in H358 cells following treatment with Calotropin. The results demonstrated that Cyto c and JNK protein expression levels were upregulated in Calotropin-treated H358 cells ([Fig. 2D](#f2-mmr-17-06-7683){ref-type="fig"}). These results indicated that Calotropin promoted the apoptosis of H358 cells via the upregulation of caspase-3, caspase-8 and apoptotic protease activating factor (Apaf)-1 expression.

### Analysis of the effects of Calotropin on CTLA expression and the TGF-β/ERK signaling pathway in NSCLC cells

In order to analyze the inhibitory effects of Calotropin on the apoptosis of H358 cells, the present study investigated CTLA expression and the TGF-β/ERK signaling pathway. The results demonstrated that Calotropin decreased the CTLA expression levels in H358 cells following 24 h incubation ([Fig. 3A](#f3-mmr-17-06-7683){ref-type="fig"}). In addition, TGF-β and ERK1/2 expression levels as well as ERK1/2 phosphorylation were downregulated by Calotropin treatment in H358 cells ([Fig. 3B](#f3-mmr-17-06-7683){ref-type="fig"}). Calotropin treatment decreased the extracellular TGF-β contents in H358 cell media ([Fig. 3C](#f3-mmr-17-06-7683){ref-type="fig"}). It was also revealed that overexpression of CTLA (OECTLA) promoted TGF-β and ERK1/2 protein expression as well as ERK1/2 phosphorylation, and inhibited the downregulation of TGF-β and ERK1/2 stimulated by Calotropin in H358 cells ([Fig. 3D](#f3-mmr-17-06-7683){ref-type="fig"}). Extracellular TGF-β contents levels of TGF-β were also increased by OECTLA in H358 cells ([Fig. 3E](#f3-mmr-17-06-7683){ref-type="fig"}). Flow cytometry analysis also indicated that OECTLA inhibited Calotropin-induced H358 cell apoptosis ([Fig. 3F](#f3-mmr-17-06-7683){ref-type="fig"}). The results demonstrated that OECTLA ameliorated the Calotropin-mediated upregulation of caspase-3, caspase-8 and Apaf-1 mRNA levels ([Fig. 3G](#f3-mmr-17-06-7683){ref-type="fig"}), and downregulation of P53, Bcl-2 and Bcl-w mRNA levels in H358 cells ([Fig. 3H](#f3-mmr-17-06-7683){ref-type="fig"}). These results indicated that Calotropin may induce apoptosis through the CTLA-mediated TGF-β/ERK signaling pathway.

### In vivo anti-cancer efficacy of Calotropin on NSCLC-bearing mice

The present study investigated the anti-tumor effects of Calotropin in H358-bearing mice. The data demonstrated that Calotropin administration markedly inhibited tumor growth during the 25-day short term observation period when compared with PBS-treated mice ([Fig. 4A](#f4-mmr-17-06-7683){ref-type="fig"}). It was also observed that the number of apoptotic cells was increased in Calotropin-treated tumors ([Fig. 4B](#f4-mmr-17-06-7683){ref-type="fig"}). Immunohistochemistry revealed that the amount of lymphocyte infiltration was upregulated in tumors following treatment with Calotropin ([Fig. 4C](#f4-mmr-17-06-7683){ref-type="fig"}). CTL immune response targeting of H358 cells showed that Calotropin promoted the CTL response in H358-bearing mice ([Fig. 4D](#f4-mmr-17-06-7683){ref-type="fig"}). Immunohistochemistry for caspase-3 and caspase-8 revealed that Calotropin significantly promoted these tumor-apoptosis markers in experimental mice ([Fig. 4E](#f4-mmr-17-06-7683){ref-type="fig"}). Long-term observation demonstrated that Calotropin significantly prolonged the survival of H358-bearing mice ([Fig. 4F](#f4-mmr-17-06-7683){ref-type="fig"}). These results suggested that Calotropin may be a potential anti-cancer drug for NSCLC.

Discussion
==========

Lung cancer is a major public health problem and is the leading cause of cancer-associated mortality in the world ([@b21-mmr-17-06-7683]). Clinical investigation has revealed that NSCLC is accountable for \~95% of all lung cancer cases that result in a high incidence and mortality rate ([@b22-mmr-17-06-7683]). Systematic review and meta-analysis have demonstrated that drug-induced apoptosis contribute to the inhibition of tumor cell growth and aggressiveness ([@b23-mmr-17-06-7683]). In addition, it has been previously reported that Calotropin extracted from *Asclepias curassavica* induces cell cycle arrest and apoptosis in cisplatin-resistant lung cancer cells ([@b11-mmr-17-06-7683]). In the present study, the efficacy of Calotropin on the inhibition of growth and aggressiveness of NSCLC cells was investigated. The pro-apoptosis capacity and potential mechanism underlying Calotropin-mediated apoptosis in NSCLC cells were also analyzed. The results demonstrated that Calotropin inhibited H358 cell growth, migration and invasion by decreasing FN and VIM, and increasing Eca expression levels ([@b24-mmr-17-06-7683],[@b25-mmr-17-06-7683]). It was also revealed that Calotropin treatment promoted apoptosis by upregulating pro-apoptosis gene and downregulating anti-apoptosis protein expression. *In vivo* assay showed that Calotropin administration significantly inhibited tumor growth and prolonged animals survival over the 120-day observation period.

CTLA-4 is a multifunctional protein that serves an important role in the delivery of signaling molecules during cell communication processes ([@b26-mmr-17-06-7683],[@b27-mmr-17-06-7683]). Currently, CTLA-4 expression represents the initial activation checkpoint in molecular terms and is regarded as an essential regulator of self-reactivity in the immune system, which has exerted anti-tumor effects in the treatment of human colon cancer ([@b28-mmr-17-06-7683]). In addition, Klyushnenkova *et al* ([@b26-mmr-17-06-7683]) have demonstrated that a CTLA-4 blockade prevents immune tolerance by targeting CD25+ regulatory T cells in a human leukocyte antigen-antigen D related transgenic mouse model of prostate cancer. Furthermore, the CTLA-4 blockade stimulates T cell activation, which has been identified to have an essential role in neoplasm regression in the adaptive immune system by generating natural killer cells and CTL responses targeting tumor cells ([@b29-mmr-17-06-7683]). Li *et al* ([@b30-mmr-17-06-7683]) have proposed that the anti-tumor immunological responses may be achieved through anti-CTLA-4 antibody incubation in a prostate cancer murine model. In the present study, the results revealed that Calotropin administration significantly downregulated CTLA-4 expression in NSCLC cells. These findings suggested that Calotropin administration significantly downregulated CTLA-4 through the TGF-β/ERK signaling pathway in NSCLC cells and tumor tissues.

The TGF-β signaling pathway is an essential regulator of a number of cellular processes involved in carcinogenesis, by regulating the genetic variation of runt-related transcription factor (RUNX)-1, RUNX2, RUNX3, mitogen-activated protein kinase 1 and eukaryotic translation initiation factor 4E ([@b31-mmr-17-06-7683],[@b32-mmr-17-06-7683]). TGF-β is also regarded as a T cell regulator in colon cancer and may suppress tumor progression in colon cancer ([@b33-mmr-17-06-7683],[@b34-mmr-17-06-7683]). In addition, previous studies have demonstrated that the anticancer activity of buttermilk against sw480 colon cancer cells is associated with caspase-independent cell death via the attenuation of the Wnt, protein kinase B (AKT) and ERK signaling pathways, and the reactivation of ERK and AKT confers the apoptotic resistance of colon cancer cells ([@b35-mmr-17-06-7683],[@b36-mmr-17-06-7683]). Furthermore, a previous study also revealed that growth suppression in colon cancer cells is associated with RAS/ERK by bone morphogenetic protein-mothers against decapentaplegic homolog signaling ([@b37-mmr-17-06-7683]). A number of proteins exert divergent effects in the colon mucosa through the regulation of the ERK/Ras-related C3 botulinum toxin substrate/JNK-dependent signaling pathways in colon cancer cells ([@b38-mmr-17-06-7683]). The results of the present study revealed that Calotropin treatment decreased CTLA-4 expression levels in H358 cells. Mechanistic analyses indicated that Calotropin inhibited TGF-β and ERK expression levels, which further led to tumor inhibition and the prolonged survival of tumor-bearing mice.

In conclusion, the results of the present study demonstrated that Calotropin treatment upregulated pro-apoptosis gene expression, including *caspase-3, caspase-8* and *Apaf-1*; however, it downregulated anti-apoptosis gene expression, including *P53, Bcl-2* and *Bcl-w* in H358 cells, which is in agreement with previous reports ([@b39-mmr-17-06-7683],[@b40-mmr-17-06-7683]). It was also indicated that overexpressing CTLA-4 abolished the Calotropin-mediated downregulation of TGF-β and ERK expression in H358 cells. Notably, it was revealed that the TGF-β/ERK signaling pathway may be involved in the Calotropin-mediated apoptosis of NSCLC cells, which also inhibited tumor growth and prolonged the survival of NSCLC-bearing mice. These results indicated that Calotropin may suppress the growth, aggressiveness and apoptosis of NSCLC cells by regulating metastasis-associated genes and the CTLA-4-mediated TGF-β/ERK signaling pathway, which provides a potential therapeutic strategy for the treatment of NSCLC.
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![Effects of Calotropin (0.50 mg/ml) on NSCLC cell growth, migration and invasion *in vitro*. (A) Calotropin suppressed H358 cell growth in a time-dependent manner following 72 h post-treatment. (B) Calotropin arrested H358 cells at the G2/M phase. (C) Calotropin inhibited the protein expression levels of cyclins, CDK1 and CDK2 in H358 cells. Calotropin inhibited the (D) migration and (E) invasion of H358 cells. (F) Calotropin (0.50 mg/ml) also inhibited the protein expression levels of FN, VIM and Eca in H358 cells. Magnification, ×40. Data are presented as the mean ± standard error mean. \*P\<0.05 and \*\*P\<0.01, as indicated. NSCLC, non-small-cell lung cancer; CDK, cyclin-dependent kinase; FN, fibronectin; VIM, vimentin; Eca, E-cadherin.](MMR-17-06-7683-g00){#f1-mmr-17-06-7683}

![Effects of Calotropin (0.50 mg/ml) on NSCLC cell apoptosis *in vitro*. (A) Calotropin promoted the apoptosis of H358 cells, as detected by Annexin V-fluorescein isothiocyanate and propidium iodide staining, and flow cytometry analysis. (B) Calotropin promoted the protein expression levels of caspase-3, caspase-8 and Apaf-1 in H358 cells. (C) Calotropin treatment inhibited the protein expression levels of P53, Bcl-2 and Bcl-w in H358 cells. (D) Calotropin promoted the protein expression levels of Cyto c and JNK. Data are presented as the mean ± standard error mean. \*\*P\<0.01, as indicated. NSCLC, non-small-cell lung cancer; Cap, caspase; Apaf-1, apoptotic protease activating factor 1; Bcl-2, B-cell lymphoma 2; Bcl-w, Bcl-2-like protein 2; Cyto c, cytochrome c; JNK, c-Jun N-terminal kinase.](MMR-17-06-7683-g01){#f2-mmr-17-06-7683}

###### 

Effects of Calotropin (0.50 mg/ml) on CTLA expression and the TGF-β/ERK signaling pathway in NSCLC cells. (A) Calotropin decreased the CTLA protein expression levels in H358 cells. (B) Calotropin inhibited the protein expression levels of TGF-β, as well as ERK1/2 protein expression and phosphorylation in H358 cells. (C) Calotropin treatment decreased the extracellular TGF-β contents in the cell media of H358 cells. (D) OECTLA inhibited the Calotropin-mediated downregulation of TGF-β protein expression, and ERK1/2 protein expression and phosphorylation in H358 cells. (E) OECTLA also abolished the Calotropin-induced inhibition of TGF-β secretion in the cell media of H358 cells. (F) OECTLA inhibited Calotropin-induced H358 cell apoptosis. (G) OECTLA inhibited Cap-3, Cap-8 and Apaf-1 mRNA levels in H358 cells. (H) OECTLA promoted P53, Bcl-2 and Bcl-w mRNA levels in H358 cells. Data are presented as the mean ± standard error mean. \*P\<0.05 and \*\*P\<0.01, as indicated. CTLA, cytotoxic T-lymphocyte associated antigen 4; NSCLC, non-small-cell lung cancer; TGF-β, transforming growth factor-β; ERK, extracellular signal-regulated kinase; p-, phosphorylated; OECTLA, overexpression of CTLA; Cap, caspase; Apaf-1, apoptotic protease activating factor 1; Bcl-2, B-cell lymphoma 2; Bcl-w, Bcl-2-like protein 2.

![](MMR-17-06-7683-g02)

![](MMR-17-06-7683-g03)

![*In vivo* anti-cancer efficacy of Calotropin (5.0 mg/kg) on NSCLC-bearing mice. (A) Calotropin administration significantly inhibited tumor growth over a 25-day short term observation period. (B) Calotropin administration increased the number of apoptotic cells in Calotropin-treated tumors. (C) Calotropin administration also increased lymphocyte infiltration in tumors excised from NSCLC-infected mice. (D) Calotropin promoted the CTL immune response of target H358 cells. (E) Calotropin promoted the expression levels of Cap-3 and Cap-8 in the tumors excised from NSCLC-bearing mice. Magnification, 40×. (F) Calotropin treatment also prolonged the survival of mice injected with NSCLCs over the 120-day observation period. Data are presented as the mean ± standard error mean. \*\*P\<0.01, as indicated. NSCLC, non-small-cell lung cancer; CTL, cytotoxic T-lymphocyte; Cap, caspase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.](MMR-17-06-7683-g04){#f4-mmr-17-06-7683}

###### 

Sequences of primers used in the present study.

              Sequence                          
  ----------- --------------------------------- ----------------------------------
  Bcl-w       5′-AGCTCCTGCACCAGGAAAC-3′         5′-GCCAGCTCCACAGACATAAC-3′
  Bcl-2       5′-CGTCATAACTAAAGACACCCC-3′       5′-TTCATCTCCAGTATCCGACT-3′
  Caspase-3   5′-ATGGAGAACAACAAAACCTCAGT-3′     5′-TTGCTCCCATGTATGGTCTTTAC-3′
  Caspase-8   5′-CACTAGAAAGGAGGAGATGGAAAG-3′    5′-CTATCCTGTTCTCTTGGAGAGTCC-3′
  P53         5′-ATTTCACCCTTAAGATCCGTGGG-3′     5′-AGACTGGCCCTTCTTGGTCT-3′
  Apaf-1      5′-TATTGTGATATTGTTTTAAATTTGA-3′   5′-CAAAACATAACTAAACCTCAAAAACA-3′
  β-actin     5′-ACGGTCAGGTCATCACTATCG-3′       5′-GGCATAGAGGTCTTTACGGATG-3′

Bcl-w, Bcl-2-like protein 2; Bcl-2, B-cell lymphoma 2; Apaf-1, apoptotic protease activating factor 1.
